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Bardet–Biedl syndrome (BBS) is an oligogenic syndrome whose manifestations include retinal degeneration, renal abnormalities,
obesity and polydactylia. Evidence suggests that the main etiopathophysiology of this syndrome is impaired intraﬂagellar transport
(IFT). In this study, we study the Bbs4-null mouse and investigate photoreceptor structure and function after loss of this gene. We ﬁnd
that Bbs4-null mice have defects in the transport of phototransduction proteins from the inner segments to the outer segments, before
signs of cell death. Additionally, we show defects in synaptic transmission from the photoreceptors to secondary neurons of the visual
system, demonstrating multiple functions for BBS4 in photoreceptors.
 2007 Elsevier Ltd. All rights reserved.
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Bardet–Biedl syndrome (BBS) is an oligogenic disorder
characterized by retinal dystrophy, developmental and
learning diﬃculties, post-axial polydactylia, obesity, hypo-
genitalism, renal abnormalities, and less obvious features
(Beales, Elcioglu, Woolf, Parker, & Flinter, 1999).
Evidence implicates disrupted basal body and cilia func-
tion (Ansley et al., 2003) including disruption of intraﬂagel-
lar transport (IFT) (Blacque et al., 2004; Kim et al., 2004)0042-6989/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
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cisco, CA 94143, United States.in the etiopathophysiology of BBS. Speciﬁcally, in vitro
experiments have shown that one of the BBS gene prod-
ucts, the BBS4 protein, functions as an adaptor of the
dynein transport machinery to recruit PCM1 (pericentrio-
lar material 1) and other cargo to the centriolar satellites
(Kim et al., 2004). Most recently, Nachury et al. (2007)
found evidence that BBS4 was part of a BBSome, a com-
plex of seven BBS proteins. Furthermore, they found that
this BBSome was needed to promote cilia formation and
perhaps aid in the movement of membrane proteins from
the cell into the cilium.
It has been shown that photoreceptors in various animal
models are dependent upon IFT proteins for proper traﬃck-
ing of rhodopsin to the outer segment (OS) of photorecep-
tors (Marszalek et al., 2000; Tsujikawa & Malicki, 2004).
In addition to the constitutive compartmentalization of
rhodopsin to the OS, photoreceptors also have a dynamic
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reciprocal movement of transducin to the inner segment
(IS) and arrestin to the OS (Philip, Chang, & Long, 1987;
Sokolov et al., 2002; Whelan & McGinnis, 1988). It is crit-
ical to examine how these signaling proteins are translo-
cated in animals that lack the BBS4 gene product as they
are critical for the initiation and regulation of the biochem-
ical phototransduction cascade.
Besides containing the phototransduction proteins, the
OS also contains structural proteins, such as peripherin/
rds and rom-1, which are necessary for the structural integ-
rity of photoreceptors (Bascom et al., 1992; Connell et al.,
1991).
In addition to its role in transporting proteins to and
from the OS, IFT may have other roles in the photorecep-
tor, such as at the synapse. Circumstantial evidence for this
includes the localization of the motor protein kinesin II
and the IFT protein, IFT88 to the ribbon synapse of pho-
toreceptors (Pazour et al., 2002; Whitehead et al., 1999).
Previous studies of BBS knock out mice (Eichers et al.,
2006; Mykytyn et al., 2004; Nishimura et al., 2004; Ross
et al., 2005) have shown that these mice do in fact recapit-
ulate the human disease, especially as it pertains to retinal
degeneration. Also, mislocalization of rhodopsin was noted
in several of these studies. However, the speciﬁcity and time
line of this putative transport defect was not studied.
In this study, we show that the BBS4-induced photore-
ceptor dystrophy is not caused by gross structural defects
of the cilia, but rather by disruption of intraﬂagellar trans-
port of proteins, such as rhodopsin and perhaps secondar-
ily, transducin and arrestin as well. This BBS4-associated
transport process does not aﬀect the transport of the
structural proteins peripherin/rds or rom-1. We also dem-
onstrate a defect in synaptic transmission from the photo-
receptors to secondary neurons, consistent with the idea
that BBS4 may have multiple roles in the mammalian
photoreceptor.
2. Materials and methods
2.1. Animals
Bbs4-null mice were generated in the 129SvJ background as described
previously (Eichers et al., 2006). All animals were handled in accordance
with the policies on the treatment of laboratory animals of Baylor College
of Medicine.
2.2. Electroretinograms
Before testing, mice were allowed to adapt to the dark overnight.
Under dim red light, mice were anesthetized with an intraperitoneal solu-
tion of ketamine (95 mg/ml) and xylazine (5 mg/ml). The pupils were
dilated with a single drop of 0.5% Mydryacil and 2.5% phenylephrine.
A drop of 0.5% proparacaine hydrochloride was applied for corneal anes-
thesia. Mice were placed on a heating pad maintained at 39 C, inside a
Ganzfeld dome coated with highly reﬂective white paint (Munsell Paint,
New Windsor, NY). A small amount of 2.5% methylcellulose gel was
applied to both eyes, and a platinum electrode was placed in contact with
the center of the cornea. Similar bilateral platinum reference and ground
electrodes were placed in the forehead and tail, respectively. Signals wereampliﬁed with a Grass P122 ampliﬁer (bandpass 0.1–1000 Hz; Grass
Instruments, West Warwick, RI). Data were acquired with a National
Instruments Lab personal computer Data Acquisition board (sampling
rate 10,000 Hz; National Instruments, Austin, TX). Traces were averaged
and analyzed with custom software written in Matlab (Mathworks,
Natick, MA).
Flashes were calibrated in a manner similar to that described by Lyu-
barsky and Pugh (1996); they have been described in detail previously
(Howes et al., 2002). Flashes for scotopic measurements were generated
by a Grass PS-33 photostimulator. Light was spectrally ﬁltered with a
500 nm interference ﬁlter (Edmund Industrial Optics, Barrington, NJ).
A series of metal plates with holes of varying diameters and glass neutral
density ﬁlters were used to attenuate the ﬂash. As the intensity of the ﬂash
increased, the number of trials was decreased and the time between each
ﬂash was increased. To remove oscillatory potentials before ﬁtting, the
scotopic b wave was digitally ﬁltered using the ﬁltﬁlt function in Matlab
(low-pass ﬁlter; Fc = 60 Hz).
For analysis of the a-wave, 1500 W Novatron (Dallas, TX) xenon ﬂash
lamps provided intense illumination. To analyze the rod function, we used
the following equation (Lamb–Pugh model) to ﬁt a series of a-waves at
increasing intensities:
aðtÞ ¼ amaxða e1=2AUðtt0Þ2 Þ
where a(t) is the a wave, amax is its saturating amplitude, U is the number
of photoisomerizations per rod produced by the ﬂash, A is the ampliﬁca-
tion factor, and t0 is a brief delay. This equation assumes normal outer
segment length. Because histology indicated that the outer segments were
shorter in null mice (Eichers et al., 2006, Fig. 1), we substituted U ¼ I k
into the equation and ﬁt for the parameter kA (Hood & Birch, 1994). I is
the intensity of the ﬂash in scotopic cd-s/m2, and k is a variable with units
(scotopic cd-s/m2)1.
2.3. Electron microscopy
For electron microscopy (EM), eyecups were ﬁxed in 3% glutaralde-
hyde buﬀered to pH 7.2 with 0.01 M PIPES for at least 24 h. The tissue
was then rinsed in buﬀer and postﬁxed in PIPES-buﬀered osmium tetrox-
ide, pH 7.2, for 1 h at room temperature. The tissue was rinsed in several
changes of distilled water and dehydrated through a graded series of eth-
anol solutions. The dehydrated tissue was incubated in two 1.5 h changes
of propylene oxide followed by a 1:1 mixture of propylene oxide and
Spurr’s resin overnight. The tissue was then incubated in pure resin for
1.5 h and transferred to fresh resin in block molds. Sections (1 lm thick)
were cut and stained with toluidine blue and basic fuchsin. The areas of
interest were trimmed, and 60 nm sections were cut, mounted on copper
grids, and stained with uranyl acetate and lead citrate. Specimens were
examined in a Jeol (Peabody, MA) 100C Temscan electron microscope.
Electron micrographs were made on Kodak (Rochester, NY) 4489 EM
ﬁlm.
2.4. Immunohistochemistry
Immunohistochemistry was performed using the indirect antibody
method. For vibratome immunolabeling experiments, free-ﬂoating
40 lm vibratome sections were blocked with 10% normal donkey serum
in PBS with 0.5% Triton X-100 and 0.1% sodium azide for 2 h to over-
night to reduce nonspeciﬁc labeling. The tissues were incubated in primary
antibodies in the presence of 3% donkey serum and PBS with 0.5% Triton
X-100 and 0.1% sodium azide for 1–5 d at 4 C. Tissues were then washed
4 times for 30 min with PBS containing 0.5% Triton X-100 and 0.1%
sodium azide; tissue immunoreactivity was visualized by incubating with
ﬂuorescent secondary antibodies overnight. After extensive rinsing, the tis-
sue was mounted with Vectashield (Vector Laboratories, Burlingame,
CA). For frozen sections, whole eyes were ﬁxed in 4% paraformaldehyde
for 5–10 min and subsequently washed in 1XPBS three times. Eyes were
then transferred to 30% sucrose in 1XPBS and let to sink overnight. Eyes
were then transferred through a 1:1 mixture of OCT and then OCT. Eyes
Fig. 1. Bbs4-null mice do not have photoreceptor ultrastructural defects at early age. (a) Low power TEM vertical section of the retinas of a Bbs4(+/+)
mouse (AC) and Bbs4(/) (b,d) at P20 (a,b) and 4 weeks of age (c,d). Note very similar dimensions of OS and nuclei numbers, although nuclei of the
Bbs4(/) are pyknotic. Figures (e–g) are from a Bbs4(+/+) mouse at 4 weeks of age. (e)Vertical TEM section illustrating connecting cilium, connecting
outer segment (OS) and inner segment (IS) of a rod photoreceptor. (f) Horizontal TEM section showing ‘9 + 0’ structure of connecting cilium. Note that
microtubules are doublets. (g) Horizontal TEM section through basal body showing similar ‘9 + 0’ structure. Note however that the 9 microtubules are
triplets. Figures (h–j) are from a Bbs4(/) mouse at 4 weeks of age. (h) Vertical TEM section illustrating connecting cilium, connecting outer segment
(OS) and inner segment (IS) of a rod photoreceptor. (i) Horizontal TEM section showing ‘9 + 0’ structure of connecting cilium. (j) Horizontal TEM
section through basal body showing similar ‘9 + 0’ structure. Scale bars, 25 lm (a–d), 1 lm (e), 250 nm (f), 100 nm (g), 2 lm (h) 100 nm (i,j).
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ice. Ten micrometers of sections were blocked with 10% normal donkey
serum in PBS with 0.5% Triton X-100 and 0.1% sodium azide for 1 h to
reduce nonspeciﬁc labeling. The tissues were incubated in primary anti-
bodies in the presence of 3% donkey serum and PBS with 0.5% Triton
X-100 and 0.1% sodium azide overnight at 4 C. Tissues were then washed
with PBS containing 0.5% Triton X-100 and 0.1% sodium azide; tissue
immunoreactivity was visualized by incubating with ﬂuorescent secondary
antibodies for 1 h. After extensive rinsing, the tissue was mounted with
Gel Mount (Biomeda Corp., Foster City, CA). Mounted slides were
observed with a confocal laser scanning microscope (LSM) with a kryp-
ton–argon laser (LSM 510; Zeiss, Thornwood, NY). Images were acquired
using 40· and 63· oil immersion objectives and processed with Zeiss LSM
personal computer software and Adobe Photoshop 6.0 (Adobe Systems,San Jose, CA). Mouse monoclonal antibodies used were rhodopsin
(1:1000, Neomarkers, Fremont, CA), peripherin/rds (perH2, 1:10, pro-
vided by R. Molday), rom-1 (1:20, provided by R. Molday), arrestin
(SCT-128, 1:200, provided by P. Hargrave), kinesin II (1:100, Covance
Inc., Denver, PA), PKCa (1:500, BD Transduction Laboratories, San
Jose, CA), SV2 (Developmental Studies, Hybridimo Bank, University of
Iowa) . Rabbit polyclonal antibodies used were S-cone opsin (1:200,
Chemicon Int., Temecula, CA), L/M cone opsin (1:200, Chemicon Int.,
Temecula, CA), transducin (1:1000, Santa Cruz Biotechnology, Santa
Cruz, CA), BBS4 (1:400, provided by P. Beales). Secondary antibodies
used were Cy3 Donkey anti-mouse IgG (Jackson ImmunoResearch, West
Grove, PA) (1:200), Cy5 Donkey anti-rabbit IgG (Jackson ImmunoRe-
search), Alexa Fluor 488 Donkey anti-rabbit IgG (Molecular Probes,
Eugene, OR) For double-labeling experiments using primary antibodies
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and then visualized by application of appropriate secondary antibodies.
For triple-labeling experiments with peanut agglutinin (PNA), ﬂuoroscein
PNA (Vector Laboratories, Burlingame, CA) (1:20) was applied at the
time of secondary antibody application. For all double labeling and triple
labeling experiments, single labeling with primary and secondary antibod-
ies were ﬁrst done to ensure no cross-reactivity of staining.
2.5. Detection of apoptotic cells in the retina
Apoptotic cell death was detected by the terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling (TUNEL) assay
(Gavrieli, Sherman, & Ben Sasson, 1992), with the following modiﬁcations.
Brieﬂy, eyes were dissected out from 2-week-old Bbs4(+/+) and Bbs4(/)
mice were transferred to 30% sucrose in 1XPBS and let to sink overnight.
Eyes were then transferred through a 1:1 mixture of OCT and then OCT.
Eyes were then placed in a cryomold, overlayed with OCT and frozen on
dry ice. Ten micrometers of sections were cut. Slides were ﬁxed in 4% para-
formaldehyde in PBS, pH 7.4 for 20 min at room temperature. Slides were
then washed for 30 min in PBS. Slides were incubated with 0.1% Triton X-
100, 0.1% sodium citrate for 2 min on ice. Slides were then rinsed with
PBS. Tunel Reaction mixture (In Situ Cell Death Detection kit,
11684795910, Roche Diagnostics, Indianapolis, IN) was then added to
slides. Slides were washed with PBS. Propidium iodide (Invitrogen, Eugene,
Oregon) was added at a concentration of 1:250 (3% donkey serum and PBS
with 0.5% Triton X-100 and 0.1% sodium azide) to visualize nuclei.
2.6. Western blot analysis
Whole retinas from P10 and P28 mutant mice and their wild-type litter-
mates were homogenized in 100 ll of sample application buﬀer (5% SDS/
15% sucrose/50 mMNa2CO3/50 mMDTT/1% 2-mercaptoethanol/bromo-
phenol blue), sonicated brieﬂy. Proteins (30 lg per sample quantiﬁed by a
BCA protein assay) were separated on a 10% SDS/PAGE (pH 8.8) with a
4% stacking gel (pH 6.8) and transferred to nitrocellulose membranes at
30 mA overnight. Membranes were blocked with 5% dry milk in Tris-buf-
fered saline Tween 20 (TBST) (0.05 M Tris–HCl, pH 8.0/0.15 M NaCl/
0.05% Tween 20) at room temperature for 30 min and incubated with
primary antibodies, 1/1000 anti-transducin (Chemicon International),
1/300 anti-peripherin (gift from Dr. Molday), 1/300 anti-arrestin and
1/300 anti-rhodopsin B6-30N (gift from Dr. Hargrave), in 3% dry milk in
TBST for 2 h at room temperature. The membranes were further incubated
with 1/5000 anti-mouse or anti-rabbit IgG horseradish peroxidase (HRP)
conjugate (Santa Cruz Biotechnology) in 3% dry milk in TBST for 1 h at
room temperature. Bands were detected with enhanced chemiluminescence
(ECL) plus system (GEHealthcare). Bandswere quantiﬁed by densitometry
by using ImageJ software (National Institutes of Health).
2.7. Nuclei counts
For nuclear counts of ONL, low-powered TEM sections of age-
matched Bbs4(+/+) and Bbs4(/) mice were used. Counts were made
from sections close to the optic nerve and at least 20 rows were counted
in each section. At least 3 eyes were used at each age.
3. Results
3.1. Bbs4-null mice have normal photoreceptor morphology
initially, decreased OS dimensions and cell death with age,
but apparently normal connecting cilium and basal body
microtubule structure
In order to understand the consequences of the loss of
the BBS4 protein, we performed transmission electron
microscopy (TEM) to examine evidence of structuraldefects in the Bbs4-null mice. At P20, at which time rod
outer segments have reached approximately 80% of their
adult length (Lavail, 1973), Bbs4-null mice have normal
outer segment lengths (Fig. 1a and b). They have normal
photoreceptor numbers, as measured by counting the cells
in the columns of the outer nuclear layer (ONL) (Table 1),
but the width of the outer nuclear layer (ONL) is approx-
imately 80% of normal, due to the fact that the nuclei are
pyknotic, consistent with apoptosis as the mechanism of
photoreceptor death in this model of retinal degeneration
(Mykytyn et al., 2004). By 4 weeks of age, Bbs4-null mice
have decreased OS lengths, and their nuclei are more strik-
ingly pyknotic (Fig. 1c and d). However the photoreceptor
cell numbers are not statistically diﬀerent from those of
wild-type littermates (Fig. 1, Table 1). Moreover, the
Bbs4-null mice have normal connecting cilium and basal
body microtubule structures at 4 weeks of age by TEM
(Fig. 1e–j). This is largely in agreement with another study
of the renal tubule microtubule structure of the Bbs4(/)
mouse (Mokrzan, Lewis, & Mykytyn, 2007). It would be
interesting to note whether there are diﬀerences in the
quantitative length of the cilium, as noted by these authors.
Our results are diﬀerent than that of another group (Swid-
erski et al., 2007), who found highly-disorganized outer
segments in 4-week-old Bbs4(/) mice. The apparent dis-
crepancy between our results and this group may be due to
the variable expressivity and penetrance as described by us
earlier (Eichers et al., 2006) or diﬀerent handling
techniques.
3.2. BBS4 protein localizes to the photorececptor inner
segment as well as to the outer plexiform layer (OPL) of
adult wild-type retinas
To get a better understanding of the role of the BBS4
protein, we used immunoﬂuorescence imaging of wild-type
retinas, using a previously described antibody (Kim et al.,
2004) to identify the cellular localization of this protein.
Fig. 2a shows that BBS4 is located at the junction of the
ONL and OS, namely in the inner segment (IS) of photore-
ceptors. This is conﬁrmed by double labeling experiments
against rhodopsin, which segretates to the OS in wild-type
adult (6–8 weeks) mice (Jan & Revel, 1974). Also, BBS4 is
seen in the OPL, where photoreceptor axon terminals and
the dendrites of the secondary neurons are located
(Fig. 2a). Double labeling for kinesin II, the plus-end
molecular motor protein reveals that these two proteins
(BBS4 and kinesin II) have a proximate relationship both
in the IS and OPL (Fig. 2b) but that they do not colocalize.
We conﬁrmed that BBS4 is located in photoreceptors and
not in the dendrites of the secondary neurons of the visual
pathway with double labeling experiments for the a iso-
form of Protein Kinase C (PKCa), which is known to label
rod bipolar cells (Haverkamp & Wassle, 2000). We found
that BBS4 does not colocalize with PKCa and is most
likely presynaptic to the rod bipolar cells (Fig. 2c). To con-
ﬁrm that our BBS4 staining was speciﬁc, we stained for the
Table 1
Photoreceptor numbers in the ONL at diﬀerent ages
Genotype Nuclei in ONL 2 weeks Nuclei in ONL 4 weeks Nuclei in ONL 14 weeks
Bbs4(+/+) 10.6 ± 0.3 10.6 ± 0.2 7.7 ± 0.3
Bbs4(/) 10.6 ± 0.2 10.3 ± 0.3 4.6 ± 0.1*
There is decrease in the photoreceptor cell numbers at 14 weeks, but not a signiﬁcant decrease at 4 weeks, although electrophysiology, there is a remarked
decrease in ERG a and b-waves (Fig. 7) (*p < .001).
Fig. 2. Immunolocalization of BBS4 reveals two distinct subcellular localizations. Immunoﬂuorescence imaging of wild type (+/+) (8 weeks of age) frozen
cryosections of the retina reveals that BBS4 (green) is located at both the inner segments and outer plexiform layers (OPL). Rhodopsin, the visual pigment
of rod photoreceptors, which is known to be segregated to the outer segment (OS) is seen in red. (b) BBS4 (green) shows similar localization as that of the
plus-end motor protein kinesin II (red). Inset shows that these proteins do not colocalize in the OPL. (c) Double labeling for BBS4 (green) and PKCa (red)
shows that BBS4 is presynaptic to rod bipolar cells and does not colocalize. Scale bars 10 lm (a–c), 1 lm (inset, b), 5 lm (inset, c).
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the same imaging and gain parameters, the Bbs4(/) ret-
ina showed no staining for BBS4. Both retinas showed
robust staining for rhodopsin (Supplemental Fig. 1).3.3. Bbs4-null mice exhibit transport defects of rhodopsin
and cone opsins that manifest early in photoreceptor
development
We used immunoﬂuorescence imaging to determine if
rhodospin and the cone opsins, which are the major photo-
sensitive pigments of the rods and cones, respectively are
transported normally to the OS in Bbs4-null mice. Fig. 3a
and f shows a comparison of immunoﬂuorescence imaging
of a 14-week-old wild-type and Bbs4-null littermate for
rhodopsin and the S cone opsin. Both the rhodopsin and
the S cone opsin are localized to the OS of the rods and
cones respectively, of wild-type retinas (Fig. 3a). In the
Bbs4-null mouse, both the rhodopsin and S cone opsin
show very high levels of mislocalization in the ONL and
OPL (Fig. 3e). The same mislocalization was found with
the L/M cone opsin (data not shown).
In order to see if this transport defect was a secondary
eﬀect of the photoreceptor degeneration clearly seen at this
point (14 weeks of age), the same immunoﬂuorescence
experiment was done on 2-week-old littermates. At this
age, outer segments have just completed their formation
(Lee, Burnside, & Flannery, 2006), and no excess photore-
ceptor cell death is observed in the Bbs4(/) mice, but
there is already mislocalization of both rhodopsin and Scone opsin to the ONL and OPL (Fig. 3f). Bbs4(/) mice
do exhibit positive TUNEL staining as a sign of apoptosis
at 2 weeks of age (Supplemental Fig. 2), however the num-
ber of TUNEL positive cells per high power image is con-
siderably smaller than the number of cells that exhibit rod
and cone opsin mislocalization, implying that the transport
defect precedes cell death in this case. It is noteworthy that
the S-cone opsin is more severely mislocalized compared to
rhodopsin, with almost none in the outer segments, which
is consistent with our physiological results of a progressive
cone-rod dystrophy (Eichers et al., 2006).3.4. Transport defect in Bbs4-null mice is speciﬁc and does
not aﬀect transport of the structural proteins peripherin/rds
and rom-1
To investigate whether the transport defect is a non-spe-
ciﬁc phenomenon, we performed immunoﬂuorescence
imaging for the structural proteins peripherin/rds and
rom-1. Fig. 3c and g show the results of such a double
labeling immunoﬂuorescence experiment in 2 week wild-
type and Bbs4-null littermate for peripherin/rds. As can
be seen, L/M opsin and peripherin/rds are both localized
to the outer segments of wild-type photoreceptors. In con-
trast, in the Bbs4-null littermate, peripherin/rds is similarly
segregated to the outer segments as in wild type, but the L/
M cone opsin is mislocalized to the ONL (Fig. 3g). Fig. 3d
and h show double labeling immunohistochemical labeling
of L/M cone opsin and rom-1 in age matched (2 week)
wild-type and Bbs4-null mice. Thus, in the Bbs4-null mice
Fig. 3. Immunoﬂuorescent Imaging Reveals Selective Transport Defect in Photoreceptors of Bbs4-null mice. (a,e) Immunoﬂuorescence triple labeling of
the retina shows proper localization of visual pigment, rhodopsin (red) and S cone opsin (blue) in a 14-week-old wild-type mouse (+/+) (a). Note that
visual pigment is restricted to the outer segment (OS), which is where phototransduction occurs. The green stain, Peanut Agglutinin (PNA) binds to cone
outer segment sheaths and pedicles. (e) In a BBS4(/) litter mate, there is evidence of considerable retinal degeneration as seen with the loss of nuclei in
the outer nuclear layer (ONL). Of particular importance, note mislocalization of both rhodopsin (red) and S cone opsin (blue) in the ONL. (b,f)
Immunoﬂuorescence double labeling for both rhodopsin and S cone opsin of reinas of (+/+) mouse (b) and (/) mouse (f) at 2 weeks of age. Note the
mislocalization of both rhodopsin (red) and S cone opsin (blue) in the ONL. (c,g) Immunoﬂuorescence double labeling immunohistochemistry for L/M
cone opsin (green) and peripherin/rds (red) of retinas of (+/+) mouse (c) and (/) mouse (g) at 2 weeks of age shows that both proteins are localized to
the outer segments of photoreceptors of 2-week-old Bbs4(+/+) mice. Note in the Bbs4(/) mice (g), the mislocalization of the L/M opsin (green), but
proper localization of peripherin/rds (red) (d,h) Immunoﬂuorescence double labeling for L/M cone opsin (green) and rom-1 (red) of retinas of (+/+) (d)
and (/) (h) mousse at 2 weeks of age shows that both proteins are localized to the OS of photoreceptors of Bbs4(+/+) mice, whereas in (/) mice,
there is mislocalization of the L/M opsin (green), but proper localization of rom-1 (red) (h) Scale bar 10 lm.
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rom-1 correctly localizes to the OS.
3.5. The transport defect aﬀects the light-dependent
translocation of phototransduction proteins
To investigate whether the segregation of transducin
and arrestin in the dark was normal in Bbs4-null mice, ret-
inas of 4-week-old wild-type and Bbs4-null littermates were
subjected to immunoﬂuorescence imaging after dark adap-tation for 4 h (Fig. 4). In the Bbs4(+/+) mouse, transducin
is segregated to the OS, while arrestin is segregated to the
IS and OPL in the dark (Fig. 4a). For the Bbs4-null mice,
although there is signiﬁcant staining of transducin in the
OS, there is also considerable staining of transducin in
the IS and ONL (Fig. 4c). This staining pattern of trans-
ducin in both the OS and IS is reminiscent of wild-type ret-
inas which have gone through a partial, but incomplete
reciprocal translocation of transducin from the OS to the
IS, and arrestin from the inner IS to the OS (Elias, Sezate,
Fig. 4. Impaired light-dependent translocations of transducin and arrestin in Bbs4-null mice. (a) Segregation of rod transducin (green) and rod arrestin
(red) in Bbs4(+/+) in the dark. (b) Bbs4(+/+) mouse subjected to approximately 200 lux of light for 30 min. Note complete reciprocal translocation of
transducin from the outer segment to the inner segment and arrestin from the inner segment to the outer segment. (c) Note that segregation of transducin
to the OS and arrestin to the IS is lost in Bbs4(/) mouse also ﬁxed in the dark. (d) Bbs4(/) have incomplete translocation of both transducin (green)
and arrestin (red) when subjected to the same duration and intensity of light as wild-type mice (c). Note the perinuclear staining of the retained arrestin.
Scale bar 10 lm. OS, Outer Segments; IS, Inner Segments; ONL, Outer Nuclear Layer; OPL, Outer Plexiform Layer.
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very similar segregation in the ONL and OPL of dark
adapted Bbs4-null mice as dark adapted wild-type mice
(Fig. 4c).
To investigate whether there is a defect in light-depen-
dent translocation of these two proteins, wild-type and
Bbs4-null mice were subjected to 2000 lux of ambient white
light for 30 min. In the wild-type retinas, this duration and
strength of light is enough to cause complete reciprocal
transport of transducin and arrestin (Fig. 4b). However,
in the Bbs4-null mouse there is an incomplete translocation
of both transducin from the outer segment to the inner seg-
ment, as well as of arrestin from the inner segment to the
outer segment, with the defect in arrestin translocation
being more pronounced (Fig. 4d).3.6. Light responses in Bbs4-null mice display decreased
amplitudes and normal activation kinetics
We have previously reported basic Electroretinography
(ERG) recordings from wild-type and Bbs4(/) mice at
various ages (Eichers et al., 2006). In that study, we showed
drastically reduced amplitudes of a- and b-waves in the
Bbs4(/) mice as early as 4 weeks of age. In this study,
we investigate the ampliﬁcation constants for the Lamb–
Pugh ﬁts (Fig. 5a, b and Table 2) for age matched wild-type
and Bbs4-null mice at 4 weeks of age. We ﬁnd that they
have very similar kinetic parameters at low and mediumintensities, although there was a signiﬁcant decrease in amax
(Table 2, portions from Eichers et al., 2006). At the highest
intensity of light tested (approximately 8 · 105 u/rod), the
Bbs4-null mice have considerably slower kinetics as com-
pared to wild-type 508 ± 49 s2 (scot cd-s/m2)1 versus
183 ± 31 s2 (scot cd-s/m2)1. Plotting dark-adapted ﬁl-
tered b-wave amplitudes versus intensity, one ﬁnds a bipha-
sic relationship (Fig. 5c). Considerable work has shown
that the ﬁrst phase (in our case, below approximately 100
photoisomerizations/rod) originates from the rod bipolar
cells (Robson, Maeda, Saszik, & Frishman, 2004). Com-
paring Naka-Rushton ﬁts for this early phase, one ﬁnds
that the Bbs4(/) mice have a measurable, but signiﬁ-
cantly decreased bmax and an increased I0.5 (Table 2, por-
tions from Eichers et al., 2006). However, in the second
phase of the b-wave (above 100 photoisomerizations/
rod), which is thought to originate mostly from rod-and
cone-driven cone bipolar cells, one ﬁnds that the wild-type
mice have growing b-waves, while the Bbs4(/) mice do
not, further evidence of a greater deﬁcit in the cone path-
ways compared to the rod pathways (Eichers et al., 2006).3.7. Mislocalization of phototransduction proteins may
explain abnormally low light response amplitudes in Bbs4-
null mice
As noted by us previously (Eichers et al., 2006), there is
considerable loss of ERG amplitudes as early as 4 weeks of
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Fig. 5. (a) Fitting of ERG a-wave data at various intensities to Lamb–
Pugh model of rod phototransduction for a 4-week-old wild-type mouse.
The black traces are the portions of the raw data used in the ﬁts, and the
theoretical curves predicted by the ﬁts are shown in red. (b) Fitting of ERG
a-wave data at various intensities to Lamb–Pugh model of rod photo-
transduction for a 4-week-old Bbs4(/) mouse. The amplitudes of the
a-waves have been normalized to that of the wild type so as to be more
distinguishable. Although the amplitudes in (b) are greatly diminished, it is
still quite possible to make good Lamb–Pugh ﬁts to the data. At these
intensities, kinetic parameters kA and t0 were indistinguishable between
Bbs4(+/+) and Bbs4(/) mice (Table 2). However, doing a similar ﬁt to
the highest intensity stimulus (approximately 8 · 105 photoisomerizations/
rod), there was a signiﬁcant reduction in these parameters in the Bbs4(/)
mice compared to the Bbs4(+/+) mice (Table 2), likely due to decreased
amount of photopigment (rhodopsin) and transducin (as shown by
immunohistochemistry in Fig. 3). (c) Comparison of average b-wave
amplitudes at various intensities for 4-week-old wild type (n = 7) and
Bbs4(/) mice (n = 6). In the ﬁrst phase of intensities (<100 photoiso-
merizations/rod) (labeled i), the b-waves can be ﬁt with a Naka-Rushton ﬁt
(Table 2). During the second phase (labeled ii), wild-type (WT) mice exhibit
growing b-waves, while Bbs4(/) mice do not.
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This loss of amplitude is surprising, given the near normal
morphology of photoreceptors at this age (Fig. 1), as noted
also in other mouse models of BBS (Nishimura et al.,
2004). This is shown in Fig. 6a, where nuclei counts of pho-Table 2
Comparison of ERG parameters for 4-week-old Bbs4(+/+) and Bbs4(/) m
Genotype bmax,scot (lV)
# I0.5 (u/rod)
# amax (lV)
#
Bbs4(+/+) (n = 7) 637 ± 39 4.8 ± 2 578 ± 54
Bbs4(/) (n = 6) 321 ± 23* 8.6 ± 3 152 ± 13*
bmax,scot refers to the maximum b-wave using the Naka-Rushton ﬁt. Lamb–P
(Fig. 5). amax refers to the maximum dark-adapted a-wave. kA, t0 refers to the a
kAmax, t0max refers to the ampliﬁcation constant and latency time at the highetoreceptors in the ONL and ERG amax for wild-type and
Bbs4(/) mice are plotted as a function of age. If one nor-
malizes these two parameters, namely nuclear counts in theice
kA (s2) t0 (s) kAmax (s
2) t0max (s)
3507 ± 483 5.1e3 ± 5e4 508 ± 49 4.3e3 ± 2e4
3102 ± 710 6.4e3 ± 2e3 183 ± 31* 2.7e-3 ± 6e4**
ugh ﬁts of a-wave data for 4-week-old Bbs4(+/+) and Bbs4(/) mice
mpliﬁcation constant and latency time at low to medium intensities, while
st intensity. *(p < .001), **(p < .01) (#From Eichers et al., 2006).
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weeks, when Bbs4(/) mice have normal nuclear counts
in the ONL, they have drastically reduced amax values as
compared to wild type. As the Bbs4(/) mice age, they
lose nuclei, but at a rate higher than the loss of amax ampli-
tude, implying that the reduction in amplitudes at the
beginning cannot be attributed to nuclei loss.
An explanation for this reduction of amplitude comes
from results of our immunoﬂuorescence experiments of
dark adapted Bbs4-null mice, which showed that there
was mislocalization of transducin to the IS and ONL in
the Bbs4-null mouse in the dark (Fig. 4c). As shown in
Fig. 6c, partial transducin localization to the ONL, rather
than the OS exclusively, can be attained by subjecting a
wild-type mouse to a moderate amount of light (200 lux)
for a brief period (10 min). Recording ERGs at this stage
of light adaptation will cause a subsequent reduction of
amplitude, similar to that of the dark-adapted Bbs4(/)
mice (Fig. 6c).3.8. Mislocalized phototransduction proteins appear normal
by Westen blotting, but decrease with age
In order to conﬁrm that the mislocalized proteins did
not have gross structural defects, which could cause trans-
port defects in themselves (Li, Snyder, Olsson, & Dryja,
1996; Saliba, Munro, Luthert, & Cheetham, 2002; Sung,
Makino, Baylor, & Nathans, 1994), Western blot analysis
for rhodopsin, arrestin, transducin and peripherin/rds
was performed on P10 and P28 wild-type and Bbs4-null
mice using whole retinas (Fig. 7a). As can be seen, at P10Fig. 7. Western blot analysis shows that both the phototransduction prote
peripherin/rds are full-length in the Bbs4-null mice at both P10 and P28. Moreo
proteins with age. However, the amount of the structural protein peripherin/rds
we show are mislocalized (Fig. 3) are degraded, but the structural proteins,
degraded.all proteins examined such as rhodopsin, arrestin, trans-
ducin and peripherin/rds are full length in Bbs4(/) mice.
Normalizing for the amount of protein loaded, using GAP-
DH, there is a considerable decrease in the amount of rho-
dopsin (41%) and arrestin (43%) at P10. Transducin and
peripherin/rds levels are near normal at P10 (90% and
92%, respectively). However at P28 (at which point retinal
dysfunction is clear by ERG, EM and mislocalized pro-
tein), there is a considerable decrease in the amounts of
the mislocalized proteins such as rhodopsin, arrestin and
transducin, but not of the correctly localized peripherin/
rds (Fig. 7b).3.9. BBS4 does not aﬀect transport of vesicular proteins to
the axon terminals but plays a role in synaptic transmission
To determine whether or not BBS4 had a role in trans-
porting proteins to the axon terminals, we implemented
immunolabeling for SV2, a known marker for presynaptic
vesicles in photoreceptors and bipolar cells (Wang, Janz,
Belizaire, Frishman, & Sherry, 2003) (Fig. 8a and b). In
both the wild type and age-matched Bbs4-null mice, SV2
is correctly localized to the OPL and diﬀusely in the IPL.
Also, TEM of 4-week-old Bbs4(+/+) and Bbs4(/) mice
revealed no major diﬀerence in the synaptic ultrastructure
of the rod axon terminals (Fig. 8c and d).
To investigate whether or not loss of the BBS4 protein
had an eﬀect on synaptic transmission from the primary
neurons of vision, the photoreceptors, to the major second-
ary neurons, the bipolar cells, we studied the ERG a-wave
and b-waves of the Bbs4(/) mice. The dark adaptedins probed (rhodopsin, arrestin, transducin) and the structural protein
ver, there is a progressive decrease in the amounts of the phototransduction
maintains the same with age, suggesting that the structural proteins, which
such as peripherin/rds, which show proper localization (Fig. 3) are not
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receptors (Breton, Schueller, Lamb, & Pugh, 1994) clearly
was severely attenuated in Bbs4(/) mice as early as 4
weeks of age (Eichers et al., 2006). The dark adapted
ERG b-wave, whose origin is primarily from the bipolar
cells (Knapp & Schiller, 1984; Robson et al., 2004) was sim-
ilarly decreased in Bbs4(/) mice as early as 4 weeks
(Fig. 8f). Normalizing for the decrease in the a-wave, which
is expected since there is evidence of photoreceptor degen-
eration (Fig. 1), the b-to-a wave ratio is signiﬁcantly
decreased in the Bbs4(/) mice at 4 weeks (Fig. 8e and
g) (p < .05; Student’s t-test).4. Discussion
We examined the role of one of the Bardet–Biedl syn-
drome proteins, BBS4 using an in vivo model. We found
that BBS4 was required for the transport of phototrans-
duction proteins from the IS to the OS of photoreceptors,
as well as the light-dependent transport of these photo-
transduction proteins. The transport of structural proteins
to the OS, however was not BBS4-dependent.
Similar to another report (Kim et al., 2004), we ﬁnd that
BBS4 is localized to the inner segment of photoreceptors,
an environment ideally suited to be involved in the IFT
3404 M.M. Abd-El-Barr et al. / Vision Research 47 (2007) 3394–3407between the inner segment and outer segment. However,
we also show that BBS4 is localized to the OPL, which
has not been previously reported. This localization to the
OPL is most likely to be associated with synaptic ribbons
in photoreceptor axon terminals, and hints to a new role
for IFT in synaptic release in photoreceptors (see below).
4.1. BBS4 is not required for the structural integrity of basal
bodies and the connecting cilium
Previous in vitro data indicated that BBS4 is required for
cell cycle progression, microtubule anchoring and intraﬂa-
gellar transport (IFT) (Kim et al., 2004). However, we
found that at least at earlier stages while photoreceptor
responses are signiﬁcantly suppressed (Eichers et al.,
2006) and while there is considerable IFT disruption,
Bbs4-null mice had normal connecting cilia and basal body
structure, implying that the primary defect in these mice
was a functional one and not a gross structural one.
We do ﬁnd outer segment disorganization in older (14
week) Bbs4-null mice (Supplemental Fig. 3), similar to
what has been reported in the Bbs6(/) mice (Ross
et al., 2005).
4.2. BBS4 is required for the transport of certain
phototransduction proteins, but not certain structural
proteins
Previous reports have shown that in diﬀerent mouse
models of BBS, such as the Bbs2-null mouse (Nishimura
et al., 2004) and the Bbs6-null mouse (Ross et al., 2005),
there has been evidence for impaired rhodopsin transport
to the OS. However, it was uncertain whether this impaired
transport was a primary eﬀect of these mutations, or rather
a consequence of photoreceptor degeneration. Also, it was
unclear if this apparent transport defect was a general
defect, or only aﬀected certain proteins meant for the OS.
Our results suggest that impaired transport to the OS is a
primary defect in BBS. Moreover, our data shows that
impaired transport of cone opsins is more severe and pre-
cedes impaired transport of rhodopsin. Coupled with our
electrophysiological evidence that cone photoreceptors lose
function before rod photoreceptors (Eichers et al., 2006)
these ﬁndings suggest that impaired transport is a major
cause of photoreceptor degeneration, or at the very least,
a very early marker for this degeneration.
We also show that BBS4-induced IFT defects are quite
speciﬁc for the phototransduction proteins. We therefore
propose that there are at least two mechanisms of transport
to the OS: one that aﬀects phototransduction proteins and
is BBS4-dependent and another that is responsible for the
transport of structural proteins and is BBS4-independent
(Fig. 9).
A similar hypothesis was presented in a study that exam-
ined opsin and peripherin/rds localization to diﬀerent sub-
cellular compartments – opsins to the plasma membrane
and peripherin/rds to cytoplasmic vesicles in degeneratingretinas (Fariss, Molday, Fisher, & Matsumoto, 1997).
The interpretation of the results of that study favored that
these proteins were packaged into diﬀerent vesicles. Our
ﬁndings corroborate these conclusions, as well as indicate
the Bardet–Biedl protein BBS4 plays an important role in
the opsin vesicle transport mechanism.
4.3. BBS4 is required for light-dependent protein transport in
photoreceptors
It is not clear whether the disrupted transport of
transducin in the dark and arrestin in the light is a direct
consequence of the loss of the BBS4 function, or is a
consequence of the disrupted transport of the rod and
cone opsins, which are capable of direct interactions with
both arrestin (Chen et al., 2006) and transducin (Alﬁnito
& Townes-Anderson, 2002) in the inner segment. What-
ever the mechanism of disrupted light-dependent trans-
port of arrrestin and transducin, it is clear that this
could have potentially deleterious consequences on a
photoreceptor’s ability to activate the phototransduction
cascade properly, and perhaps more importantly, shut
oﬀ this cascade in a timely manner. It has long been rec-
ognized that mutations in arrestin and/or transducin can
cause photoreceptor degeneration, or at the very least,
congenital stationary night blindness (CNSB) (Dryja,
2000).
It is interesting to compare our results to those of others
who have disrupted key components of IFT, such as kine-
sin II. In the KIF3Aﬂox/KIF3Anull; creIRBP mice
(Marszalek et al., 2000), in which the motor subunit
KIF3A of kinesin II has been conditionally knocked out
in photoreceptors, an identical selective transport defect
in rhodopsin and arrestin was found, whereas peripherin/
rds was not mislocalized.
Additional evidence that the BBS4 protein is involved in
transport, rather than perhaps processing of proteins tar-
geted to the outer segments comes from our Western blot
analysis, which shows that the mislocalized proteins are full
length, and from our kinetic studies that reveal that the
Bbs4-null mice have similar ampliﬁcation constants of the
phototransduction cascade at low and medium light
intensities.
The apparent decrease in mislocalized proteins as shown
by our Western blots suggests that these proteins are
degraded, although study of the mRNA signal would be
needed to conﬁrm this. Such speciﬁc protein degradation
has been reported in other cases of mislocalized protein
in photoreceptors (Baehr et al., 2007; Shetty, Kurada, &
O’Tousa, 1998) and is thought to involve possible retention
in the endoplasmic reticulum or increased activity of the
proteasome (Saliba et al., 2002).
We also show that the apparent discordance of near
normal photoreceptor morphology, but dramatic ERG
amplitude decreases can be partially explained in terms
of the mislocalization of phototransduction proteins
(Fig. 6).
Fig. 9. Proposed model of BBS4 function in photoreceptors. We have found evidence for two distinctive roles for BBS4 in the normal functioning of
mammalian photoreceptors. The ﬁrst involves the transport of phototransduction proteins such as rhodopsin and arrestin to the outer segment (OS). The
second involves synaptic transmission at the axon terminal from photoreceptors to the secondary neurons of the visual pathway. Concerning the transport
of proteins to the OS, our results suggest that there are at least two molecular mechanisms of transport. The ﬁrst, of which the BBS4 protein plays an
important role is in the transport of phototransduction proteins, such as the opsins and arrestin. The second mechanism involves structural proteins, such
as peripherin/rds and rom-1, and is BBS4-independent.
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photoreceptors—A new function for BBS4?
In addition to the role of transporting speciﬁc proteins
to the OS, we have provided both immunohistochemical
and electrophysiological evidence that BBS4 plays a role
in synaptic transmission of photoreceptors. Although
IFT has been hypothesized to have a function in transport-
ing proteins to the OS (Pazour et al., 2002; Sterling & Mat-
thews, 2005), its function in synaptic release has been
controversial. Immunohistochemical and immunoelectron
localization of kinesin II to the ribbon synapses of photo-
receptors (Muresan, Lyass, & Schnapp, 1999) suggests a
role for mictrotubule transport in synaptic transmission
from the photoreceptors. However, pharmacological inter-
ventions aimed at disrupting energy-dependent microtu-
bule transport did not seem to aﬀect neurotransmitter
release from ribbon synapses (Heidelberger, Sterling, &
Matthews, 2002). What the exact role of BBS4, kinesin II
and other proteins important for IFT is in regulating syn-
aptic release is not clear. We have shown that after normal-
izing for photoreceptor degeneration, the response of the
post-receptoral cells is decreased, as shown by decreasedERG b-to-a wave ratios. This suggests that in the absence
of the BBS4 protein, a given photoreceptor light response
(a-wave) elicited a smaller bipolar cell response (b-wave),
indicative of an impaired level of synaptic transmission.
Interestingly, Yen et al., 2006 show that BBS genes may
be more generally involved in intracellular traﬃcking, as
knockdown of zebraﬁsh Bbs genes caused defects in Kupf-
fer vesicular transport.
4.5. Comparison to human disease
There has been no ex-vivo histopathological analyses of
retinas from persons with BBS to examine for evidence of
disrupted protein transport, as has been done in some cases
of retinitis pigmentosa (Milam, Li, Cideciyan, & Jacobson,
1996). Histopathological analysis of post-mortem Bardet–
Biedl eyes does conﬁrm that the primary defect is in the
photoreceptors (Gregory-Evans, Fariss, Possin, Gregory-
Evans, & Milam, 1998; Runge, Calver, Marshall, & Taylor,
1986).
The disrupted transport of the rod and cone opsins
reported in this study may be a good diagnostic and prog-
nostic tool. Additionally, the light-dependent transport
3406 M.M. Abd-El-Barr et al. / Vision Research 47 (2007) 3394–3407defects may signify the importance of light in accelerating
the pathogenesis of this disease, as has been found in sev-
eral other forms of retinal degenerations (Hao et al., 2002).
Our ﬁndings of mislocalized proteins to describe the
discordance between the extent of ERG a- and b-wave
suppression and the near normal morphology could
explain some of the clinical ﬁndings in human patients.
For example, in a study of 13 patients with BBS, it was
found that one patient had severely attenuated ERG ampli-
tudes but a normal retina by fundoscopy (Spaggiari et al.,
1999).
We have shown that BBS4 is essential for maintaining
proper transport of key phototransduction proteins from
photoreceptor inner segments to outer segments in an
age- and light-dependent fashion. Disruption of this pro-
tein transport process is likely the primary cause of cone
and rod degeneration in BBS and perhaps other neurode-
generative diseases. We have also found that the BBS4 pro-
tein is required for normal synaptic transmission from
photoreceptors to second-order neurons, suggesting a
new functional role of BBS-associated transport systems
in the mammalian retina.
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